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Patterning and differentiation along the dorsal–ventral (D–V) axis lead to cloacal partitioning into ventral urinary and dorsal alimentary tracts
in most mammals, but not birds and fish. We previously reported that the major activator of Sonic hedgehog (Shh) signaling transcription factor
Gli2 plays an essential role in cloacal partitioning along the D–V axis in a mouse model. Here, we report that chick cloacal patterning and
differentiation is along the anterior–posterior axis. During chick cloacal formation, Shh is expressed strongly in hindgut endoderm; Gli2 is very
weakly detected in the surrounding hindgut mesoderm. In the mesoderm of the cloacal region, the over-expression of the constitutively active form
of mouse Gli2 has been shown to: not induce cloacal partitioning along the D–Vaxis; induce expression of Ptch1, Gli2, bmp4, wnt5a, and hoxd-13,
which have been previously shown to play a role in hindgut patterning; increase cell proliferation; and reduce apoptosis. Interestingly, p63
expression in the cloacal endoderm is also up-regulated, suggesting an interaction between the Shh and p63 pathways. In conclusion, Gli2 alone is
insufficient to induce partitioning along the D–V axis in the chick embryo. However, Gli2 regulates both epithelial and mesenchymal cell
proliferation and apoptosis during cloacal development.
© 2006 Elsevier Inc. All rights reserved.Keywords: Chick embryo; Hindgut; Cloaca; Shh pathway; Gli2; p63Introduction
Placental mammals and teleost fish develop full partitioning
of the most caudal region of the hindgut, known as the cloaca,
into separate urogenital and alimentary tracts from the simple
primitive gut tube (Marshall, 1962; Romer, 1962; King and
McLelland, 1981). In contrast, in adult birds, amphibians,
reptiles, monotreme mammals, and chondrichthyan fish, the
cloaca remains and provides a common outlet for digestive,
urinary, and genital ducts (Romanoff, 1960; King and McLel-
land, 1981). The underlying genetic and molecular mechanisms
governing the partitioning of cloaca are not clearly understood.
Recent expression studies and gene targeting experiments
have implicated a number of genes in the patterning and
differentiation of the hindgut (Warot et al., 1997; Roberts et al.,
1998; Kimmel et al., 2000; Mo et al., 2001; De Santa Barbara et
al., 2002; De Santa Barbara and Roberts, 2002; Kurita et al.,⁎ Corresponding author.
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and Hoxd-13 is clearly restricted to the most posterior regions
along the body axis, including the mesenchymal regions of the
hindgut and the cloacal region (Roberts et al., 1995; Yokouchi et
al., 1995; Warot et al., 1997; De Santa Barbara and Roberts,
2002). Mutant Hoxa-13 and Hoxd-13 mice display a wide
variety of severe developmental defects in the hindgut region
(Warot et al., 1997). Furthermore, mis-expression of Hoxd-13
in the chick midgut region can transform the endoderm into the
hindgut phenotype (Roberts et al., 1998). Region-specific
induction appears to be a critical determinant in the reciprocal
inductive interaction seen between mesoderm and endoderm
during chick-gut regionalization (Roberts et al., 1998; Koike
and Yasugi, 1999). However, despite the similar expression of
cognate chicken Hoxa-13 and Hoxd-13 genes in the posterior
region of the developing cloaca (Roberts et al., 1998), in chick
embryos, the cloaca persists without partitioning.
In chick embryos, positional specification along the anterior–
posterior (A–P) axis of the gut has been shown to be regulated by
an inductive interaction between endoderm-expressed Sonic
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genes, including Bmp4 (Roberts et al., 1998). Although
expression of the Bmp and 5′ Hox gene complex requires the
Shh signaling pathway, the induction and response to Shh
signaling by the downstream Shh-responsive mediators, includ-
ing the Shh receptor Ptch and its zinc finger transcription factor
Gli2, require modification by additional genes (Lewis et al.,
1999). Recent studies suggest that the specification and
differentiation of the hindgut may require further morphogenic
and mitogenic interactions between the Shh and p63 pathways.
Shh signaling controls patterning and proliferation, whereas
p63, a member of the p53 tumor suppressor gene family, appears
to regulate epithelial stem cell commitment and differentiation
(Honeycutt et al., 2004; Cheng et al., 2006). Indeed, recent
analysis of p63−/− mutant mice indicates that spatially restricted
expression of p63 along the D–V axis in the endoderm of the
cloaca specifies urothelium identity and differentiation (Ince et
al., 2002; Kurita et al., 2004).
The role of Shh signaling in the patterning and differen-
tiation of cloaca is clearly demonstrated by various mutant
mice involving the Shh signaling pathway that exhibit a whole
spectrum of anorectal malformations (Kimmel et al., 2000; Mo
et al., 2001; De Santa Barbara et al., 2002). Shh−/− mutant
mice lack both the patterning and differentiation of the hindgut
and display a vestigial embryonic cloaca (Kimmel et al., 2000
Mo et al., 2001). Mutant mice involving Shh transcription
factors Gli2 and Gli3 display both specific and overlapping
functions in hindgut patterning (Mo et al., 2001). Although
both Gli2 and Gli3 are bi-functional molecules with N-terminal
truncated forms that have a dominant activator function, Gli2
is the major mediator of Shh signaling (Stamataki et al., 2005).
In contrast, Gli3 is thought to have a dominant negative
function that antagonizes Shh signaling (Persson et al., 2002;
Buttitta et al., 2003). Interestingly, Gli2−/− mutant mice exhibit
a specific hindgut phenotype that lacks partitioning of the
cloaca along the D–V axis into ventral urogenital and dorsal
alimentary tracts, thus mimicking the chick cloaca, which has
the coprodeum, urodeum, and proctodeum along the A–P axis
(Kimmel et al., 2000). Although endoderm-expressed Shh is
essential in epithelial–mesenchymal interactions during the
regionalization of the gut, it is not known whether the
partitioning of the cloaca requires the expression of Shh
transcription factor Gli2 in the adjacent mesoderm for
mediation of Shh signaling.
In this paper, we investigate the role of Shh transcription
factor Gli2 in the patterning and differentiation of the cloaca in
the chick embryo. In particular, in view of the hindgut
phenotype observed in Gli2−/− mutant mice, we used a chick
embryo model in which the cloaca persists as an adult structure
and in which the expression patterns of Shh, its receptor Ptch,
and transcription factors Gli2 and Gli3 in hindgut or cloacal
development have not been clearly defined. We used over-
expression of the dominant activator form of N-terminal
truncated mouse Gli2 to determine whether the absence of the
partitioning of the cloaca into urogenital and alimentary tracts
was due to a lack of expression of Gli2 in the surrounding
cloacal mesoderm.We report that [1] regionalization and differentiation of the
cloaca in the chick occur between Hamburger and Hamilton (H
and H) stages 22 to 29 (day 4 to day 6 of incubation); [2] in situ
hybridization showed that Shh expression is strongly detected
in the endoderm throughout the period of regional specification.
However, in the adjacent cloacal mesoderm, the expression of
Shh transcription factors Gli2 and Gli3 was barely detectable;
[3] the Shh receptor Ptch was detected only weakly and
transiently; [4] over-expression of Gli2 up-regulates the
expression of Ptch, Gli2, Bmp4, Wnt5a and Hoxd-13, but
there was no detectable change in Hoxa-13; [5] over-expression
of Gli2 induces increased cell proliferation and decreased
apoptosis activities in the endoderm and mesoderm; [6] ectopic
expression of Gli2 does not induce the partitioning or epithelial
metaplasia of the cloaca. Interestingly, increased expression of
p63 was detected, suggesting that interactions between the
Shh and p63 pathways may regulate cell proliferation and
apoptosis during the patterning and the differentiation of the
cloaca (Dellavalle et al., 2002).
Materials and methods
Chicken embryos
Fertile Barred Plymouth Rock chicken eggs obtained from Aekell Poultry
Research Station of the Department of Animal and Poultry Science, University
of Guelph (Guelph, Ontario) were incubated at 38 °C in a humidified incubator.
Embryos were staged according to Hamburger and Hamilton (1951). Double-
egg-yolk White Leghorn chicken eggs (prepared for recipient egg shells) were
provided by Burnbrae Farms-Mississauga (Mississauga, Ontario). A chick
surrogate system was used for the culture-manipulated embryos (Pain et al.,
1996) with the following modification: the chick embryos were transferred to
the double-egg-yolk shell, sealed with plastic wrap, and incubated for 1–5 days.
A window was made in the plastic wrap to allow for embryo manipulation, the
window was then resealed, and incubation was continued until analysis.
Over-expression of Gli2 in chick embryos by adenovirus transfection
and electroporation
Adenoviral vectors containing an active N-terminally truncated form of
mouseGli2 (ΔNG2) fused to EGFP were injected into day 1–1.5 (H and H stage
8–11) chick embryos (0.2 μl, 1×109 plaque forming units). An adenoviral
vector containing only EGFP was used as a negative control (both of the viral
vectors were gifts from Dr. Chen-Ming Fan's laboratory, Buttitta et al., 2003).
The injection was carried out with a glass needle (prepared with a micropipeter
puller, using a glass pipette, O.D. 1.0 mm; I.D. 0.78 mm, Catalog# BF100-78-
10; Sutter Instrument Co., CA) and was aimed at the hindgut mesoderm
posterior to the sinus rhomboidalis (Matsushita, 1999).
Electroporation of day 1–1.5 chick embryos with plasmid DNA of
pcDNA3.1 (a gift from C.C. Hui's laboratory, carrying the same Gli2 cDNA
sequences as was used for making the adenoviral vectorΔNG2) was carried out
(Scaal et al., 2004) with an electroporator (Edit-type, CUY21, BEX CO LTD,
Tokyo) producing five square pulses of 50–70 V, 20-ms width. The
electroporation was performed at the similar site as for the adenoviral vector
injection.
The infected embryos were further incubated for 1–5 days until analysis.
In situ hybridization
All solutions used for in situ studies were treated with DEPC (diethyl
pyrocarbonate, Sigma) and utensils were baked at 180 °C for 6 h. The clones
used for the preparation of probes to detecting the expression of chick genes
Shh, Gli2, Gli3, and Ptch1 were kindly provided by Dr. Cliff Tabin (Roberts et
450 G. Liu et al. / Developmental Biology 303 (2007) 448–460al., 1995). The antisense RNA probes were labeled with digoxigenin as
described by Riddle et al. (1993).
Chick embryos were recovered and washed three times in phosphate-
buffered solution (PBS). Subsequently, the following protocols were used for the
histology studies. For the histology sections, hematoxylin and eosin (H and E)
staining was done using standard procedures as described by Bancroft and
Stevens (1990). Briefly, the embryos were fixed in 4% paraformaldehyde at 4 °C
overnight, dehydrated in ethanol (50%, 70%, 90%, 95%, and 100%), processed
in xylene (3×10 min), placed in paraffin at 60 °C, embedded in paraffin blocks,
and sectioned (4–10 μm) using a microtome. For the whole-mount in situ study,
the embryos were fixed in 4% paraformaldehyde at 4 °C for 1–4 h, dehydrated
in methanol (25%, 50%, 75%, 100%, 30 min each), bleached for 5 h (5%
hydrogen peroxide in methanol), rehydrated, and then the protein was digested
for 5–10 min (20 μg/ml proteinase K), which was followed by prehybridization
in methanol (100%, 75%, 50%, 25%), hybridization, and signal detection. For
the cryosections, the embryos were dehydrated in 30% sucrose solution
(30 min), embedded in optimal cutting temperature (O.C.T.) medium, frozen in
liquid nitrogen, and cryosectioned at 10–15 μm.
Immunohistochemistry
Sources of the antibodies and the antibody dilution ratios were: p63(4A4)
(Santa Cruz Biotechnology; 1:100; cat# sc8431; LOT# G1904); TA p63 (D-20)
(Santa Cruz Biotechnology, SC-8608, 1:100), ΔNp63 (Santa Cruz Biotechno-
logy, SC-8609, 1:100); uroplakin III (Research Diagnostics Inc. cat# RDI-
PRO651108; LOT#40804De); Gli2 (a gift from Dr. C. C. Hui; 1: 600).
Colorimetric (avidin–biotin–peroxidase) immunohistochemistry analysis was
performed as described by Zeller (2002). The paraffin sections were dewaxed
and rehydrated followed by quenching of the endogenous peroxidases with 3%
H2O2 in 10% methanol (4 °C) for 20 min. Antigen retrieval was achieved by
boiling the sections in a microwave with antigen unmasking solution (H330,
VECTOR) for 11 min. After blocking with Blocking Reagent (Roche) at room
temperature for 1 h, primary antibodies were applied and incubated in a
humidified chamber at 4 °C overnight. The sections were washed with PBS
(3×), and the appropriate secondary antibodies were applied at 1:200 dilution at
room temperature for 1 h followed by PBS washing (3×). For colorimetric
immunohistochemistry, avidin–biotin–peroxidase (ABC) buffer was applied
and sections were incubated for 30 min, which was followed by the addition of
substrate diaminobenzidine (DAB). The sections were washed and mounted.
Colorimetry and staining were examined by microscopy.
BrdU and TUNEL assays
BrdU (5 bromo-2-deoxyuridine) labeling and cell proliferation analysis of
chick embryos were performed as described by Chen et al. (2004). BrdU (150 μl
of 40 mM, Sigma) was applied to the vitelline membrane 1 h before embryo
recovery. The paraffin sections (4 μm) were prepared, and the anti-BrdU primary
antibody and biotinylated secondary antibody were applied as described above.
The TUNEL (Terminal deoxynucleotidyl transferase Biotin-dUTP Nick-
End-Labeling) method (Calbiochem, FragEL, DNA fragmentation Detection
Kit, Cat QIA 39-1EA) was used for the apoptosis study. The dewaxed
rehydrated specimens were permeabilized with 0.02 mg/ml proteinase K for
20 min at room temperature. Terminal transferase and end-labeling mix were
then applied, and the specimens were incubated at room temperature for 1.5 h.
RT-PCR analysis of induced gene expression
cDNA preparation: Cloacal tissue was dissected from day 3.5 embryos, and
the specimens were pooled and plated for culture (DMEM+10% FBS) in 24-
well plates for 4 h followed by adenovirus transfection. After 3 days of culture,
RNAwas isolated with the RNeasy Mini Kit (QIAGEN). For cDNA synthesis, a
prepared mixture of 1 μg RNAwith 2 μg of oligo dT in a volume of 20 μl was
heated at 60 °C for 5 min and then chilled on ice for 3 min. Twenty microliters of
the following mixture was added: 2.4 μl of DEPC water, 1.6 μl of 25 mM dNTP,
8.0 μl of 5× RT buffer, 4.0 μl of 100 mM DTT, 2.0 μl of RNAse inhibitor, and
2.0 μl of Superscript R (Invitrogen). The resulting mixture was incubated at
42 °C for 30 min, then heated at 70 °C for 10 min, and 60 μl of water was added.Primer design: Primers were designed with the bioinformatics tools of ePrimer3
from the Ontario Centre for Genomics. The pairs of primers and mRNA
sequences used for primer design were found in the GenBank as follows: Gli2
(GenBank accession no. XM_422086), 5′CAGCAACAGCAACTGCATCT3′
and 5′GTGGGACCTCAGGTGTGTCT3′; Wnt5a (GenBank accession no.
NM_204887), 5′CTCAGCTCCGCTTGGATTAC3′ and 5′GCATGACTCTGC-
CAAAAACA3′; Gli2 (GenBank accession no. U60762), 5′AGCAGCTGAA-
GTTGGAGAGG3′ and 5′TGTTACAACCCTCGTGCTC3′; Bmp4 (GenBank
accession no. NM-205237), 5′AGTCCGGAGAAGAGGAGGAG3′ and ATC-
GGCTAATCCTGACGTGT; Ptch1 (GenBank accession no. U_40074), 5′CA-
TTTTCACTCCAAGCAGC and 5′CTCACCCGGGTAGTTCCATA3′; β-actin
(GenBank accession nos. NM_205518), 5′CTTCCAGCCATCTTTCTTGG3′
and 5′GACTGCTGCTGACACCTTCA3′; Hoxd-13 (GenBank accession no.
NM_205434), 5′GGCGAAGTTTCGTGAATTGT3′ and 5′AGGAAAAGCC-
GGTAGCAGAT3′; Hoxa-13 (GenBank accession no. NM_204139), 5′ACAA-
CGCCATCAAGTCCTG3′and 5′ACCTTTGTGTAGGGCACTCG3′; ΔNp63
(GenBank accession no. AB045224) 5′AACAATGCCCAGTCCCAGTA 3′
and 5′ GTCTGTGTTGGAAGGGATGG3′. PCR conditions: Denaturation
95 °C, 5 min; denaturation 95 °C, 30 s; annealing 54 °C, 40 s; elongation
72 °C, 50 s; 35 cycles. Then 72 °C for 10 min. Primer concentration: 100 ng/
primer; 1.5 mM MgCl; 0.2 mM dNTPs; 2 u Taq; 1× PCR buffer (Invitrogen).
Samples of PCR products were sequenced, and the results were verified with
matcher alignment tools from the Ontario Centre for Genomic Computing.
Western blotting analysis of p63 expression
After lysis in cell lysis buffer (phosphate-buffered saline containing 1%
Nonidet P-40, 1% deoxycholate, 5 mM EDTA, 1 mM EGTA, 100 KIU/ml
Trasylol, and 0.5 μM ALLN), the samples were centrifuged for 2 min. The
supernatant was transferred to new tubes, loading buffer was added, and the
mixture was heated for 2 min. After SDS–PAGE separation, the proteins were
transferred to a PVDF transfer membrane (PerkinElmer, cat# NEF 1002),
subjected to 1 h blocking in 5% fat-free dry milk power solution, then incubated
with p63(4A4) antibody (dilution ratio: 1:500); TA p63 (D-20) (1:500);
ΔNp63 (1:500). The membranes were washed and incubated with horseradish
peroxidase conjugated anti-mouse IgG (1:10,000) for p63(4A4) and anti-goat
IgG for TAp63 and ΔNp63. The signals were detected with Kodak X-Omat
Blue XB-1 film (Eastman Kodak, Rochester, NY) and Western Lightening
Chemiluminescence Reagent (PerkinElmer, cat# NEL 104, NEL 105). After
stripping treatment, the membrane was re-probed with β-actin antibody
(Sigma A5441, Mouse IgG1, 1:3000). Films were developed, and quantitative
analysis was performed using densitometry (FC 8000, Alpha Innotech. Corp.
California).Results
Formation of cloaca in the chick
Although chick cloacal formation was described many years
ago (Romanoff, 1960; King and McLelland, 1981), a detailed
histological analysis that has examined chick cloacal morpho-
genesis has not been done. To clearly view the development of
the cloaca in chick embryos, we examined serial, sagittal, H and
E stained, histological sections of day 3 to day 10 chick
embryos (H and H stages 18–36).
In contrast to the mouse hindgut, where partitioning of the
cloaca along the dorsal–ventral axis occurs by intervening
mesoderm (also known as the urogenital septum) into the
ventral urinary and dorsal alimentary tracts at E12.5, the
respective urinary and alimentary structures in the chick cloaca
continue to be located along the A–P axis (Figs. 1A, B). At the
time of cephalo-caudal folding of the chick body between day 4
and day 6, the cloaca assumes a U-shaped orientation with the
Fig. 1. Cloacal development in the chick embryo. (A) A gross section of a dissected E12 chick embryo shows the cloacal region including the bursa of Fabricius, the
ureters, and the three chambers of cloacal patterning in an anterior–posterior axis: coprodeum, urodeum, and proctodeum. (B) A schematic representation of the
corresponding cloacal structures in the E12 chick embryo. (C–F) H and E stains of the median sagittal sections of E4–E7 chick embryos show the development of the
hindgut and cloacal region. The dotted squares highlight the cloacal regions near the tail bud. (G–J) Higher magnification of the highlighted cloacal region from panels
C–F. (G) A section of the E4 chick embryo shows the Wolffian duct (yellow arrow) extending to the cloaca region dorsally but the urodeum structure is lacking. The
black arrow points to the area where the urodeumwill develop. (H) The urodeum structure is seen (indicated by the black arrow). Red arrow points to the allantoic duct.
(I–J) The cloaca is further developed in E6 and E7 chick embryos. Blue arrow points to the proctodeum. (K–N) H and E stain of transverse sections of E5–E7 embryos
showing the openings of the ureter and rectum joined at the chamber of the urodeum. (O–R) Higher magnification of the marked square area from panels K–N. (K)
Section from the embryo at the more posterior end; the black square marks the region showing the ureters in the tail bud. (O) Higher magnification of the marked region
from panel K, black arrows point to the ureters. (L–N) Sections of cloaca showing the formation of the urodeum. (L) Cloaca in the E5 embryo and the primary structure
of the urodeum. (M) The established urodeum structure in the E6 chick embryo. The ureters join their openings (blue arrows in Q) to the rectum to form the urodeum
(red arrow in panel Q). (N) The further developed urodeum. Abbreviations: A: anterior; AD, allantoic duct; AP, anal papilla; Cl, cloaca; D: dorsal; HG, hindgut; P:
posterior; S, somite; Ur, urodeum; V: ventral; W, Wolffian duct.
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as to contain more of the coprodeum region (Figs. 1C–E). At
the anterior end, the ureters join the cloaca dorsolaterally and
form the urodeum (Fig. 1Q, blue arrow). The cloaca receives theWolffian ducts dorsolaterally (Fig. 1G, E4, yellow arrow) and
continues as the allantois ventrally (Figs. 1H, I, red arrow). The
region of the hindgut urodeum is now located most posteriorly
since the cephalo-caudal folding extends posteriorly to the anal
Fig. 2. Gene expression pattern in the cloacal region of E3 to E5 chick embryos. (A–D) Gene expression in the E3 chick embryos detected by whole-mount in situ
hybridization (n=3). Ventral view chick embryos hybridized with chick antisense RNA probes. Red dotted squares highlight the hindgut region where the cloaca will
form. Note that the expression of Gli2 and Gli3 is clearly detected in the tail (B) and limb bud (C) whereas Gli2 and Gli3 are barely detected in the cloacal region. (E–
T) Gene expression patterns detected by in situ hybridization of the transverse sections. Black dotted squares highlight the hindgut region, and the red dotted squares
mark the cloacal mesoderm and endoderm. (E–H andM–P) Sections from E4 and E5 chick embryos. (I–L and Q–T) Higher magnifications of the hindgut region from
panels E–H and panels M–P. Strong expression of Shh is detected in the endoderm of the cloaca (I and Q). Expression of Gli2 and Gli3 is detected at the neural tube
and limb ectoderm of E4–E5 embryos (marked by the red arrows) (F, G, N, O) but not in the cloacal mesoderm (marked by the black arrows) (J, R, K, S). Expression of
Ptch1 is weakly detected in E4–E5 embryos. (U) Strong expression ofGli2 is detected from an E11 mouse embryo with mouse antisense Gli2 probe. Red dotted square
highlights the hindgut region where separation of the urogenital ducts from the rectum takes place between E11 and E12 embryos. Abbreviation: C, cloaca; LB, limb
bud; NC, notochord; TL, tail.
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H stage 28) (Fig. 1E, black arrow). At day 7 (H and H stage 30),
the cloaca extends further posteriorly, and the proctodeum
forms and joins the anal opening (Fig. 1J, blue arrow). The
bursa of Fabricius derived from the endoderm of the embryonic
cloaca (King and McLelland, 1981) is located along the dorsal
surface of the developing hindgut, and its duct opens into the
dorsal wall of the proctodeum (Romanoff, 1960). The most
anterior part of the cloaca, known as the coprodeum, enlarges on
day 10 of incubation (Romanoff, 1960). These detailed serial
sections of the developing chick cloaca indicate that the critical
period of chick cloacal development occurs between day 4
(stage 22) and day 7 (stage 30) of development. In contrast to
mouse embryos, D–V partitioning of the cloaca does not occur
in chicks. Instead, the development of cloaca appears to
continue along the anterior–posterior axis (Figs. 1A, B).Fig. 3. Gene expression patterns in the cloacal region of E6 to E7 chick embryos. (A
and E7 chick embryos. (E–H and M–P) Higher magnifications of the hindgut regio
endoderm of the cloaca (E, M, red arrows). Expression of Gli2 is not detected in the
in the cloacal mesoderm of E7 chick embryo (N). Expression of Gli3 is not detec
Ptch1 is weakly detected in E6–E7 embryos (H, P). Abbreviation: C, cloaca; LBExpression of the Shh signaling pathway during chick cloacal
development
Of the genes that are expressed during hindgut development,
the Shh signaling pathway has been shown to be essential for
the patterning and differentiation that occurs along the D–Vaxis
in the mouse (Kimmel et al., 2000; Mo et al., 2001). Mesoderm
expressed Shh transcription factors, in particular, Gli2 and Gli3,
appear to have specific and overlapping functions with respect
to the patterning of the hindgut along the D–Vaxis (Kimmel et
al., 2000). In view of the fact that expression patterns of the Shh
signaling pathway during chick cloacal development are not
known and that chick embryos have a persistent cloaca without
partitioning along the D–Vaxis, we first needed to characterize
the expression of the Shh signaling pathway during chick
cloacal development.–D and I–L) Gene expression patterns detected by in situ hybridization of E6
n from panels A–D and panels I–L. Strong expression of Shh is detected in the
cloacal mesoderm of E6 chick embryo (F). The expression of Gli2 is detected
ted in cloacal mesoderm of E6 and E7 chick embryos (G, O). Expression of
, limb bud; TL, tail; S, somite.
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bud region between day 4 and day 7 (stages 22–30) of deve-
lopment when the most apparent morphologic patterning and
differentiation occurs (Figs. 1C–E). As previously described
(Riddle et al., 1993; Narita et al., 1998), Shh expression is
clearly detected at the floor plate, notochord, and cloacal
endoderm in day 3 to day 7 (stages 18–30) chick embryos (Fig.
2, Fig. 3). Expression of Shh receptor Ptch1 is only weakly
detected in the cloacal mesoderm between day 4 and day 7
(stages 22–30) (Fig. 2, Fig. 3). However, Ptch1 expression is
detected in the mesoderm adjacent to the floor plate, notochord,
and intestine, indicating that there is a specific lack of Ptch1
expression in the cloacal mesoderm (Fig. 2H, red arrows).
Similarly, the expression of Gli2 and Gli3 is not detected in the
adjacent cloacal mesoderm in day 3 to day 6 (stages 18–30)
chick embryos (Fig. 2, Fig. 3). Nevertheless, the expression of
Gli2 was detected in the adjacent cloacal mesoderm in day 7
embryos (Fig. 3N). Of note, the expression of both Gli2 and
Gli3 was clearly detected in the developing limb buds dorsally
and anteriorly, as has been previously described (Fig. 2, Fig. 3,
red arrows) (Marigo et al., 1996a; Schweitzer et al., 2000).
Although Shh expression in the cloacal endoderm was similar
to that observed during mouse hindgut development, the lack of
expression of the Shh receptor Ptch1 and the transcription
factors Gli2 and Gli3 in the adjacent mesoderm was different
from what has been reported during mouse hindgut develop-
ment (Fig. 3U; Hui et al., 1994). This indicates that the lack of
Gli2 and/or Gli3 in the chick cloaca region might be essential
for cloacal development.Fig. 4. Over-expression of the active form of Gli2 in the chick hindgut regions. (A–C
of exogenous Gli2 in the hindgut (red square area). (A) Chick embryo injected with
pcDNA3.1. (C) Chick embryo control. (D–E) Sections in situ hybridization withGli2
detected. (F) Chick embryo infected with Gli2 shows the over-growth of the tail. Arro
(B). Abbreviations: LB, limb bud; S, somite; TL, tail.Over-expression of mouse Gli2 in chick embryos
We have previously reported that Gli2−/− mutant mouse
embryos display the hindgut phenotype where the cloaca fails
to septate along the D–Vaxis and the patterning of the hindgut
remains along the A–P axis (Kimmel et al., 2000; Mo et al.,
2001). The lack of Gli2 expression in both Gli2−/− mutant
mouse and chick embryo hindgut mesoderm suggests that Gli2
is a central determinant of the cloaca D–V partitions. To
determine whether or not the lack of expression of Shh
transcription factor Gli2 in the adjacent mesoderm is
attributable to the cloacal phenotype in chick embryos, we
used over-expression of Gli2 by employing: [1] adenoviruses
carrying N-terminally truncated Gli2 with EGFP fused at the
C-terminus (Buttitta et al., 2003); and [2] electroporation of
pcDNA3.1 containing the same ΔNG2 construct (a gift from
Dr. C. C. Hui's laboratory). In view of the bi-functional nature
of the full-length Gli2, we chose the N-terminally truncated
form, which has been previously shown to mimic Shh signaling
in the mesoderm as a constitutive activator of Shh signaling
(Buttitta et al., 2003). With in situ hybridization, we clearly
observed [1] region-specific expression and [2] adequate
expression of the construct (Fig. 4). An equivalent (or higher)
amount of Gli2 expression was detected in the infected chick
embryo cloacal regions (Figs. 4D, E) as compared with the
mouse E11 embryo cloaca (Fig. 2U). This was further
substantiated by significant growth of the tail (Fig. 4F) which
has been previously reported with Gli2 transfection of Xenopus
(Brewster et al., 2000).) Whole-mount in situ hybridization with a Gli2 probe shows strong expression
adenoviral vector ΔNG2. (B) Chick embryo electroporated with plasmid DNA
probe. Red square highlights the cloacal region where over-expression of Gli2 is
ws point to the tail ends in a control embryo (C) and a Gli2-treated chick embryo
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endoderm and mesenchyme, but cell differentiation markers
were not induced
Using the established method of infection of chick cloacal
mesoderm, the effects of Gli2 on chick cloacal patterning were
examined. Our results demonstrated that over-expression of
Gli2 resulted in a cell mass increase in both chick hindgut
endoderm and mesenchyme (Fig. 5B; supplement 1A, B).
Furthermore, compared with control embryos (Fig. 4C),
overgrowth of the chick tail was observed (Fig. 4F; supplement
1C). However, no gross partitioning of the chick cloaca along
the D–V axis was observed on H and E sections. To further
determine the underlying cellular process responsible for the
change in the region's cell mass, we performed BrdU and
TUNEL analysis to assess cellular proliferation and apoptosis.
Compared to controls (Fig. 5C), increased cell proliferation
activity was detected on the BrdU labeling analysis in the
endoderm and mesoderm (Fig. 5D, p<0.01%) and decreased
apoptosis activity was detected in the endoderm (Fig. 5F,
p<0.01), but not in the mesoderm (Figs. 5E, F).
Over-expression of Gli2 has been previously reported to
repress cell differentiation in human epidermal cells (Regl et al.,Fig. 5. Over-expression of Gli2 in chick hindgut increases cell proliferation and decre
chick embryos. Black arrow in panel B points to the increased endoderm cell mass in
infected (D) chick embryo cloaca to detect cell proliferation. The black arrows poi
analysis of apoptosis in control (E) and Gli2-infected (F) chick cloaca. The yellow ar
relative number of BrdU positive cells was significantly higher in the chick cloacal
number of TUNEL positive cells was significantly lower in the endoderm of the
Abbreviations: ED, endoderm; MD, mesoderm; Ur, urodeum.2004). To determine whether the over-expression ofGli2 during
chick cloacal development represses endodermal and epithelial
differentiation, we examined the differentiation markers for the
epithelium of the large intestine (periodic Acid Schiff stain for
glycogen), the small intestine (alkaline phosphatase stain), the
urothelium (uroplakin III, a cell marker for the superficial cell
layer of the urothelium), the epithelium (cytokeratin peptide 18,
a marker for simple epithelium), and smooth muscle (for α-
smooth muscle actin) in the chick hindgut region. No detectable
difference between Gli2-infected embryos and GFP-infected
controls was found in any of these sites (supplement 2),
indicating that although these cells were significantly prolifer-
ating, epithelial differentiation was not induced. Over-expres-
sion of Gli2 appeared to alter chick hindgut cellular activities
without affecting patterning and cell fate determination during
development in the region.
Effects of over-expression of Gli2 on gene expression pattern in
the cloacal region
We subsequently examined the molecular effect of Gli2
over-expression on candidate genes that were previously found
to play a role in cloacal development. In the chick hindgutases apoptosis. (A–B) H and E stains of sections from control and Gli2-infected
the urodeum region. (C–D) BrdU staining of sections of control (C) and Gli2-
nt to the mesoderm, and the red arrows point to the endoderm. (E–F) TUNEL
rows point to the mesoderm, and the red arrows point to the endoderm. (G) The
region in Gli2-infected chicks than in controls (p<0.01, n=5). (H) The relative
chick cloacal region in Gli2-infected chicks than in controls (p<0.01, n=5).
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expression of its receptor Ptch and to induce expression of
Bmp4 and Hoxd-13, both of which specify hindgut endoderm
identity (Roberts et al., 1995, 1998; Marigo et al., 1996b). Thus,
the over-expression of the Shh signaling transcription factor
Gli2 should mediate Shh signaling and cause a similar cell
fate in the region. To test this hypothesis, RT-PCR was
performed to determine if Gli2 was capable of mediating Shh
signaling and inducing downstream mediator expression in the
chick hindgut. Indeed, our results showed that over-expression
of Gli2 increased expression of the Shh signaling receptor
Ptch1 and the transcription factor Gli1 (Fig. 6). Moreover, the
increased expression of Gli2 up-regulated the expression of
Bmp4, Wnt5a, and Hoxd-13 (Fig. 6), but did not change the
expression of Hoxa-13 (Fig. 6). Sequence analysis of the RT-
PCR products was done to further confirm the identity of these
downstream mediators (data not shown).
Over-expression of Gli2 in transgenic mice has been
previously shown to induce skin cancer (Grachtchouk et al.,
2000), which indicates that Gli2 is also involved in the
regulation of epithelium proliferation and differentiation.
Given the reports that have demonstrated p63 expression in
epidermal and urothelium development (Dellavalle et al., 2002;
Mill et al., 2005; Cheng et al., 2006), we examined theFig. 6. RT-PCR analysis of gene expression in cultured cells. Lane 1: RT-PCR
product amplified from adenoviral (ΔNG2) transfected cells. Lane 2: from
adenoviral (GFP) transfected cells. Lane 3: from control cells. β-actin used as a
control and 1.2% agarose gel used for analysis of the PCR products. Size of the
PCR products: Gli2: 493 bp; Ptch1: 598 bp; Gli2: 501 bp; Bmp4: 498 bp;
Wnt5a: 448 bp; Hoxa-13: 400 bp; Hoxd-13: 496 bp; β-actin: 500 bp. Similar
results were obtained from the transfection experiments.expression of p63 in the region. Interestingly, over-expression
of the active form of Gli2 increased p63 protein levels in the
chick hindgut endoderm, as shown on immunohistochemistry
with p63(4A4) antibody (Fig. 7). A stronger staining was
detected in the urodeum endoderm of chick embryos infected
with Gli2 (Fig. 7) than in GFP-infected control tissue (Fig. 7).
RT-PCR (data not shown) and Western blotting (Fig. 7) further
confirmed up-regulated p63 expression.
Discussion
Our results demonstrated that the chick cloacal structure
develops between stage 22 and 29 (H and H) in an anterior–
posterior manner. The separation of the posterior hindgut along
the D–V axis into ventral urinary and dorsal alimentary tracts
does not occur in the chick cloaca. Shh was expressed strongly
during regional specification, but Gli2 expression was detected
only very weakly in the surrounding mesoderm during cloacal
formation. Over-expression of Gli2 in the cloacal region
resulted in increased cellular proliferation and in up-regulation
of Shh downstream gene expression. Interestingly, the over-
expression of Gli2 also up-regulated p63 expression in the
endoderm, which indicates that Gli2 may be participating in
epithelial progenitor cell regulation. Since D–V patterning does
not occur, this suggests that over-expression of Gli2 alone is
insufficient to induce partitioning.
Chick cloacal development and Shh signaling
The failure of Gli2−/− mice to partition the cloaca along the
D–Vaxis and the weakness of Gli2 expression in chick cloacal
mesoderm during the critical stage of development suggest that
Gli2 may indeed be an essential factor in initiating partitioning
along the D–V axis. The over-expression of exogenous Gli2 is
sufficient to induce ventroposterior development in Xenopus
(Brewster et al., 2000). An analysis of the treated Xenopus
embryos showed that tail-like structures were detected in the
Gli2-treated embryos, and the induced tail-like structures
appeared to be composed of lateral and/or ventral tissues
(Brewster et al., 2000). We also observed overgrowth of the tail
in Gli2-infected chick embryos (Fig. 4F). However, Gli2 by
itself is not enough to induce D–V septation in chick cloaca.
This might be due to: [1] commitment to patterning of the
hindgut occurs earlier in the primitive gut mesoderm prior to
expression of Shh in the endoderm (Roberts et al., 1998); [2]
species-specific restriction of Gli2 function; or [3] additional
downstream genes that have yet to be identified.
In Drosophila, a hierarchy of genes that control hindgut
patterning and differentiation has been found (Lengyel and
Iwaki, 2002); in many organisms, a conserved cassette of genes,
caudal/Cdx, brachyenteron/Brachyury, fork head/HNF-3, and
wingless/Wnt is found to be involved in posterior patterning and
gut maintenance (Lengyel and Iwaki, 2002). Brachyenteron
mutant Drosophila have a short hindgut remnant (Lengyel and
Iwaki, 2002) and, in vertebrates, Cdx genes are involved in
patterning of the most posterior portion of the embryo (Brooke
et al., 1998). However, the roles of Cdx and Brachyury in
Fig. 7. (A) On immunohistochemistry, Gli2-infected chick embryo shows up-regulation of p63 expression. Sections of a and c are transverse paraffin sections viewed
at low magnification after detection with p63(4A4) antibody. Sections of b and d were viewed at higher magnification of the square areas seen in the sections of a and c.
A similar level of positive signals was detected in body epithelium in both GFP- (section a, black arrow points to the body epithelium) and Gli2-treated embryos
(section c, black arrow). Strong straining was detected in the cloacal endoderm in the chick embryo infected withGli2 (section d, black arrow) than in the chick embryo
infected with GFP (section b, black arrow). (B) Western blotting analysis of p63 expression. Three replicates of each treatment were loaded for analysis. Control: no
infection; GFP: transfected with adenovirus containing EGFP. ΔNG2: transfected with adenovirus containing N-terminal truncated Gli2.
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many endodermal epithelial organs require an interaction
between endoderm and mesoderm for proper morphogenesis
and differentiation (Roberts, 2000). In chick embryos, the over-
expression of Shh induces the expression of Bmp4 and Hoxd
genes in the hindgut mesoderm (Roberts et al., 1995), and the
ectopic expression of Hoxd-13 transforms the endoderm
phenotype morphology (Roberts et al., 1998) without any
effect on patterning. The complex process of vertebrate hindgut
patterning involves the Shh signaling pathway, as well as Wnts,
Cdxs, Hoxs, Brachyury and possibly other genes, in addition to
the importance of gene interactions between the endoderm and
mesoderm. Thus, Gli2, as an Shh pathway mediator, might not
be sufficient to alter chick hindgut partitioning. Whether there
are interactions among Gli2 and Cdx/Brachyury during chick
cloacal patterning requires further investigation.
Gli2 controls cell cycling by affecting cell proliferation and
reducing apoptosis in cloacal endoderm and mesoderm
Shh signals promote cell proliferation in various cell types
(Duprez et al., 1998; Parisi and Lin, 1998; Berman et al., 2003;
Thayer et al., 2003; Yu et al., 2002; Fu et al., 2004; McKinnell
et al., 2004; Argenti et al., 2005). In tumor cells, interference
with Shh or Gli2 signaling leads to the inhibition of cell pro-
liferation, and, inversely, Shh can potentiate tumor cell proli-
feration (Sanchez et al., 2004). The transcription of a number of
genes involved in cell proliferation, such as E2F1, CCND1,
CDC2, and CDC45L, represses the expression of genes asso-
ciated with epidermal differentiation (Regl et al., 2004). Ourresults provide further evidence that Gli2 is capable of inducing
cell proliferation.
However, in addition to cell proliferation, Shh has also been
shown to inhibit apoptosis in neuroepithelial (Thibert et al.,
2003) and germinal center (GC) B cells (Sacedon et al., 2005).
Unless bound by its ligand Shh, Ptch induces apoptotic cell
death (Thibert et al., 2003). Blockade of the Shh signaling
pathway reduces GC B cell survival, which suggests that Shh is
one of the survival signals provided by follicular dendritic cells
to prevent apoptosis in GC B cells (Sacedon et al., 2005).
Furthermore, in Gli3 mutant mice, apoptosis is reduced in fgf 8
positive tissue (Aoto et al., 2002), indicating that fgf 8 may
mediate apoptotic inhibition. Research on Gli2 involvement in
fgf 8 regulation in Xenopus (Brewster et al., 2000) has
suggested that decreased apoptosis in the Gli2-infected chick
cloaca may be due to fgf 8 regulation. Furthermore, in Droso-
phila, down-regulated expression of wg increases apoptosis in
the mesoderm (Hoch and Pankratz, 1996; San Martin and Bate,
2001). This suggests that up-regulated expression of wnt would
reduce apoptosis in vertebrates, which is consistent with our
observation of reduced apoptosis in the Gli2-infected chick
cloacal endoderm. Our results are consistent with the observa-
tions that Shh and Gli genes reduce apoptosis.
Over-expression of Gli2 up-regulated expression of p63
Increased p63 staining of epidermal carcinoma cells has been
previously reported (Dellavalle et al., 2002), and p63 detection
is low in Shh−/−, suggesting that Shh regulates p63 expression
(Dellavalle et al., 2002). Over-expression of Gli2 in transgenic
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epithelial cell cycles (Grachtchouk et al., 2000). The molecular
mechanism of p63 up-regulation by the Gli2 activated form in
chick cloaca is not known. p63 is a member of the p53
transcription factor family that is expressed in many stratified
epithelial structures (Yasue et al., 2001), as well as in
proliferating basal cells of the epithelial layers in the human
epidermis (Yang et al., 1998). In the human epidermis and in
basal cell carcinoma, the fork head/winged-helix domain
transcription factor FOXE1 is the direct Gli2 target gene
(Eichberger et al., 2004). FOXE1 was shown to be expressed in
the outer root sheath of the hair follicle, where mouse Gli2 is
also expressed. Similarly, p63 was found to be expressed in the
chick feather bud at the site of the future feather-forming
ectoderm and was associated with Shh and Fgf10 expression
(Yasue et al., 2001). These studies suggest that p63 expression
in chick hindgut epithelia may be regulated by Gli2. The
molecular mechanisms of the interactions between Gli2 and p63
are not clear. It may be that increased Gli2 in chick hindgut
enhances Shh activity and results in up-regulation of p63
expression, as previously reported in mice (Dellavalle et al.,
2002; Grachtchouk et al., 2000) or, alternatively, that the
binding of Gli2 to FOXE1 induces the up-regulation of p63
expression (Eichberger et al., 2004).
Several p63 isoforms have been reported in mammals
(Yang et al., 1998). However, to date, only chick ΔN p63α has
been cloned (Yasue et al., 2001), and no specific chick p63
isoform antibody is available. The p63(4A4) antibody is
directed against the amino terminus of ΔN p63 of human
origin. The observation of chick p63 is detected by p63(4A4)
antibody, suggesting that chick and human p63 share a similar
sequence in this region. To further verify if the expressed p63
is isoform specific, we used the two most prevalent mouse TA
p63 and ΔNp63 antibodies for immunohistochemistry and
Western blotting analyses. We were unable to detect the
expression of the p63 isoforms. There are two possible reasons
for the failure to detect chick p63 with the TA p63 and ΔNp63
antibodies. Firstly, TA and ΔN isoforms may not have been
produced, or the quantities of the isoforms may have been too
low to be detected in the chick specimens. Secondly, the
antibodies against the mouse N-terminus of the p63 may have
been unable to detect the chick p63 due to species differences.
Gli2 increased expression of Shh downstream genes
To examine the effects of Gli2 over-expression on chick
cloacal patterning, both electroporation of pcDNA3.1 and ade-
noviral vectors (ΔNG2) containing an activated N-terminally
truncated form of mouse Gli2 were used for chick hindgut
infection. With deletion of the N-terminal domain of Gli2,
Gli2 acts as a strong constitutive activator capable of inducing
normal Shh-dependent cell types (Sasaki et al., 1999). Gli2
proteins are quite well conserved between birds and mammals
(Marigo et al., 1996a, Schweitzer et al., 2000); mice (Bmp4)
and Xenopus (noggin) genes have been used successfully to
induce chick gene expression (Sukegawa et al., 2000). Our
results show that over-expression of the Gli2 activated formis capable of increasing expression of Gli1, Ptch1, Bmp4,
Hoxd-13, and Wnt5a in the cloacal region. This is in agreement
with previous reports demonstrating that Shh is capable of
inducing Bmp4 and Hoxd-13 in chick hindgut (Roberts et al.,
1995). The expression of Ptch, a component of the Shh receptor,
is strongly induced in cells responding to an Shh signal (Hidalgo
and Ingham, 1990; Basler and Struhl, 1994; Tabata and
Kornberg, 1994; Marigo et al., 1996b; Murone et al., 1999;
Taipale et al., 2000). Furthermore, Shh up-regulates Gli2
expression, and transfected Gli2 induced Ptch expression in
chick limb (Marigo et al., 1996b). Ptch is directly downstream of
Shh signaling, and the extent of Ptch expression provides a
measure of the distance that Shh diffuses and directly acts
(Marigo et al., 1996b). Increased Ptch expression by Gli2
suggests an enhancement of Shh signaling in Gli2-transfected
tissues through the increased Ptch receptor. Bmp4, an Shh target
gene, is expressed in chick hindgut mesoderm and is involved in
the induction and patterning of the hindgut (Roberts et al., 1995).
Mis-expression of Shh is capable of inducing ectopic expression
of Bmp4 in the visceral mesoderm during the formation of the
gut tubes (Roberts et al., 1995). Our results show that over-
expression of Gli2 may enhance Shh activity by increasing its
receptor, Ptch, which, in turn, increases Bmp4 expression. It has
been suggested that Bmp4 is an intermediary signal in the
pathway inducing Hox gene expression (Roberts et al., 1995).
Hox gene mutant mice developed severe defects in hindgut
patterning, which included no separation of the cloaca in Hoxa-
13 and Hoxd-13 compound mutant mice (Warot et al., 1997).
This indicates that, in mice, the Hox genes are also required in
hindgut patterning (Yokouchi et al., 1995; Warot et al., 1997;
Roberts, 2000; Grapin-Botton and Melton, 2000; Sakiyama et
al., 2001). Our finding of increased Bmp4 and Hoxd-13 expres-
sion by Gli2 provides further evidence that there is a correlation
between the regulated expression of these two genes and chick
hindgut development. The fact that no change of Hoxa-13
expression was detected in Gli2-transfected cells indicates that
Hoxd-13 and Hoxa-13 may not be regulated by the same sig-
naling pathway.
In vertebrates, the Wnt signaling pathway is required for
certain aspects of gastrulation (Lengyel and Iwaki, 2002).
Studies of the wnt expression pattern show that Wnt signaling
is detected during chick hindgut development (McBride et al.,
2003; Theodosiou and Tabin, 2003), suggesting that Wnt
likely plays an essential role in hindgut morphogenesis. In
avian somite development, Wnt signaling participates in Gli
gene regulation (Borycki et al., 2000). We noted the up-
expression of wnt5a by Gli2, which suggests that the Shh
pathway may regulate wnt signaling expression in chick cloacal
formation.
In conclusion, the lack of expression of Gli2 in the cloacal
mesoderm during hindgut partitioning may be one of the factors
that contributes to the persistence of the chick cloaca. However,
the over-expression of the mouse active form of Gli2 in this
region is not by itself sufficient to partition the cloaca along the
D–V axis, despite the induced expression of the Shh mediator
and other downstream genes that affect both epithelial and
mesenchymal cell cycles during cloacal development.
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